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Urotensin-II Induces Vascular SmoothMuscle Cell Proliferation and Creb
Phosporylation Through Store Operated Calcium Entry and EGFR
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Marı´a Rodrı´guez-Moyano1, Ignacio Dı´az-Carrasco1, Natalia Dionisio2,
Javier A´vila-Medina1, Eva Caldero´n-Sa´nchez1, Juan Antonio Rosado2,
Antonio Ordo´n˜ez-Ferna´ndez1, Tarik Smani1.
1Lab. Invest. Cardiovascular, IBIS Hospital Virgen del Rocı´o, Seville, Spain,
2Department of Physiology (Cellular Physiology Research Group),
University of Extremadura, Caceres, Spain.
Urotensin-II (U-II) is a vasoactive peptide with many effects in the cardiovas-
cular system. It has been described to induce vascular smooth muscle cell
(SMC) proliferation, and is involved in the pathogenesis of atherosclerosis,
restenosis, and vascular remodelling; however, its signalling pathway still re-
mains unclear. The aim of this study was to elucidate the role of calcium
(Ca2þ)-dependent signalling and alternative signalling pathways in UII-
evoked VSMCs proliferation, focussing our attention on store-operated Ca2þ
entry (SOCE) pathway and epithelium growth factor receptor (EGFR)
transactivation.
We used 5-bromo-2-deoxyuridine (BrdU) labeling, molecular knockdown with
small interfering RNA (siRNA) and immunofluorescence to study UII-
promoted aortic SMC proliferation. Ca2þ mobilization assays were performed
to study Ca2þ entry in cultured SMC.
We found that UII enhanced intracellular Ca2þ concentration ([Ca2þ]i) which
was significantly reduced by classical SOCE inhibitors and by knockdown of
essential components of the SOCE such as STIM1, Orai1, or TRPC1. More-
over, UII stimulated SMC proliferation and Ca2þ/cAMP response element-
binding protein (CREB) activation through SOCE pathway that involved
STIM1, Orai1, and TRPC1. Co-immunoprecipitation experiments showed
that UII promoted the association between Orai1 and STIM1, and between
Orai1 and TRPC1. Additionally, we determined that epithelium growth factor
receptor (EGFR) transactivation, extracellular signal-regulated kinase (ERK)
and Ca2þ/calmodulin-dependent kinase (CaMK) signaling pathways were
involved in UII-mediated Ca2þ influx, CREB activation and VSMCs
proliferation.
Our data show for the first time that UII-induced SMC proliferation and CREB
activation requires a complex signalling pathway that involves on the one hand
SOCE mediated by STIM1, Orai1 and TRPC1, and on the other hand EGFR,
ERK, and CaMK activation.
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Emergence and Synchronization of the ‘‘Calcium Clock’’ in a 3-Dimen-
sional Model of a Sino-Atrial Node Cell with Explicit Channel Gating
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Edward G. Lakatta, Victor A. Maltsev.
NIA/NIH, Baltimore, MD, USA.
We constructed a three dimensional stochastic numerical model of propagated
spontaneous diastolic calcium release in sino-atrial node cells, using explicit
gating of individual calcium channels, without assuming either a discrete
sub-membrane compartment or an inactivated state of the RyR. Immunofluo-
rescence staining of SA node cells for RyRs revealed a dense, variable network
of clusters, with small clusters intermediate between major ones, located imme-
diately below the surface membrane. The presence of such intermediate
‘‘bridging’’ clusters was crucial to allow propagation of local calcium releases
in the presence of 3D diffusion and buffering. When this RyR network was
simulated, local calcium releases propagated as partially synchronized wavelets
localized near the surface membrane. Calcium in the junctional and free sarco-
plasmic reticulum followed a complex pattern of recycling through the interior
of the cell, with areas of both depletion and enhancement. These calcium wave-
lets acted as a partially periodic ‘‘calcium clock’’ that entrained with classical
membrane currents to regulate beating rate in response to simulated beta-
adrenergic stimulation, as demonstrated experimentally. When the RyR sensi-
tivity was very high or NCX density was low, there was a paradoxical regime in
which synchronization was lost, causing sympathetic stimulation to reduce
rather than increase beating rate. This regime may be important in heart failure
or with RyR mutations.1619-Pos Board B349
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Stable calcium-induced calcium release (CICR) is critical for maintaining
normal cellular contraction during cardiac excitation-contraction coupling
(ECC). The fundamental element of CICR in heart is the calcium (Ca2þ) spark,
which arises from a cluster of ryanodine receptors (RyR2) that is triggered to
produce a local regenerative release of Ca2þ from the sarcoplasmic reticulum
(SR). Recent work suggests that the RyR2s mediate the majority of SR Ca2þ
leak via both ‘‘visible’’ release events, Ca2þ sparks, and ‘‘invisible’’ non-
spark Ca2þ release events, Ca2þ quarks (Williams et al. BJ 2011). Together,
these events create an SR Ca2þ leak pathway responsible for balancing the
SR Ca2þ pump (SERCA) in cardiac myocytes. Here we present a detailed,
three-dimensional model of a Ca2þ release unit (CRU) in heart that incorpo-
rates RyR2 geometries informed by super-resolution STED (stimulated emis-
sion depletion) microscopy. The model exhibits spontaneous Ca2þ sparks
with realistic kinetics and morphology, as well as robust Ca2þ spark initiation
and termination across a wide range of geometries and conditions. Furthermore,
the model captures the details of Ca2þ spark and non-spark based leak while
still maintaining normal ECC gain. The model predicts that subspace and
RyR2 cluster geometry critically influence the CRU’s function. Large (40þ
RyR2s), densely packed RyR2 clusters exhibited higher Ca2þ spark fidelity
and overall Ca2þ leak, due to enhanced inter-RyR2 coupling via local subspace
[Ca2þ]. We find that the fidelity of a RyR2 cluster can be predicted from either
the cluster size or the spectral properties of a simplified RyR2 network. We also
show that luminal [Ca2þ] dependent regulation of RyR2 is not critical for
robust spark termination but decreased RyR2 Ca2þ flux due to local luminal
depletion is. These results provide insights into the dynamics of CICR in the
heart under normal and pathological conditions.
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Although excess Ca2þ release through RyR2 in diastole is a key factor in
arrhythmia, not all RyR2 antagonists have an antiarrhythmic action. Our previ-
ous studies comparing the anti-arrhythmic blocking action of flecainide with
the pro-arrhythmic blocking action of tetracaine found that flecainide reduced
the amount of Ca2þ released during localised diastolic release events (Ca2þ
sparks) but increased their frequency. As a result, flecainide had no effect on
overall SR Ca2þ leak or SR Ca2þ content. However, the likelihood that each
Ca2þ spark could generate an arrhythmogenic Ca2þ wave was reduced because
the Ca2þ sparks were smaller. In contrast, tetracaine decreased spark-mediated
SR Ca2þ leak but significantly increased SR Ca2þ content, Ca2þ released dur-
ing a spark and frequency of Ca2þ waves. These results suggested that the
flecainide-induced reduction in Ca2þ spark size contributes to its anti-
arrhythmic action by reducing the probability of saltatory wave propagation be-
tween adjacent Ca2þ release sites.
We developed 3D models of Ca2þ dynamics, which are linked to whole cell
ionic current models of ventricular and sinoatrial node. By including a kinetic
model for tetracaine and flecainide block of RyR2, we find that open state block
of flecainide stabilises Ca2þ release. In contrast, the closed state block by tetra-
caine has the effect of increasing the positive feedback of Ca2þ on SR Ca2þ
release; the net result is an increase in the amplitude of Ca2þ sparks, destabili-
zation of SR Ca2þ cycling and cardiac arrhythmia.
1621-Pos Board B351
Role of the Inter-RyR Coupling in Cardiac Intracellular Calcium ‘‘Clock’’
Alexander M. Ryvkin1,2, Alexander S. Moskvin1,2, Olga Solovyova1,2,
Vladimir S. Markhasin1,2.
1Institute of Immunology & Physiology RAS, Ekaterinburg, Russian
Federation, 2Ural Federal University, Ekaterinburg, Russian Federation.
Cardiac rhythm is generated by the sinoatrial node in the normal heart. It has
been recently shown that spontaneous local Ca2þ releases from sarcoplasmic
reticulum (SR) through Ryanodine Receptors (RyRs) occur during late
Monday, February 17, 2014 319adiastolic depolarization and may contribute to the periodic excitations of pace-
maker cells [Vinogradova et al., Circ. Res. 02]. Such intracellular Ca2þ oscil-
lations, referred to as Ca2þ-‘‘clock’’ [Maltsev, Lakatta, Am J Physiol Heart
Circ Physiol, 2009], interact with the classic sarcolemmal voltage oscillator
(membrane clock) by activating Na2þ-Ca2þ exchange current.
We developed an Electron-Conformational Model (ECM) of the stochastic
RyR-channel activity, which accounted for cooperative effects of interaction
between coupled RyR-channels within a Ca2þ release unit (RU) in cardiac
pacemaker cells [Moskvin et al., PBMB 2006]. The RU includes a junctional
Ca2þ release compartment of the SR network, a cluster of coupled RyR-
channels, and adjacent sarcolemmal subspace. Inter-channel conformational
coupling between nearest RyR neighbors is accounted for the energy potential
of the cluster. The RU activity is described along with intracellular Ca2þ
cycling between the subspace, cytosol, and the SR network.
Computer simulations of a 9x9 RyR square lattice within the framework of
ECM demonstrate that the Ca2þ SR ‘‘clock’’ activity is regulated by the inter-
action between RyR channels. Stability of oscillatory dynamics, frequency and
amplitude of Ca2þ auto-oscillations depend essentially on the RyRs coupling
force. We found that a combination of rather low Ca2þ release rate with strong
enough RyR-RyR coupling may trigger sudden break of Ca2þ oscillations by
forming of stable clusters of opened RyRs and thus providing with the
steady-state Ca2þ leakage from the SR.
Supported by Grants 12-U-4-1067, 12-04-32059-NPM_A_2013, 11-4-OU-
673.
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Formation of Subcellular Calcium Waves in Cardiac Myocytes: Charac-
terizing Timescales via Mathematical Modeling
Michael Nivala, Christopher Ko, James Weiss, Zhilin Qu.
Medicine (Cardiology), UCLA, Los Angeles, CA, USA.
Subcellular Calcium (Ca) cycling plays fundamental roles in normal heart dy-
namics. In cardiac myocytes, the elementary Ca cycling events are Ca sparks:
random discretized Ca release events due to random and collective openings of
the ryanodine receptor (RyR) channels clustered in Ca release units (CRUs). A
typical cardiac myocyte includes about 10,000 to 20,000 CRUs, and the spatial
arrangement of CRUs varies widely across myocyte type and changes in
diseased conditions. Dysfunction of the CRU network leaves cells prone to sub-
cellular Ca waves, notorious triggers of highly arrhythmogenic delayed after-
depolarizations. Recent experimental studies have isolated three timescales
involved in the formation of Ca waves: rate of sarcoplasmic reticulum (SR)
Ca reuptake, intrinsic RyR refractoriness, and a so-called ‘‘idle’’ period.
Here we use a physiologically detailed computational model of a spatial and
stochastic CRU network to study the variables that contribute to the aforemen-
tioned timescales, and identify how the relative dominance of each affects the
morphology of Ca waves. We show that the ‘‘idle’’ period is far from idle, as it
emerges out of complex Ca mediated CRU-to-CRU interactions in both the my-
oplasm and SR. We also find that while reduced refractory period and increased
SR Ca diffusion enhance the local initiation of waves, they hinder propagation,
resulting in fractionated wave events. Furthermore, at very short refractory pe-
riods the system degenerates into spiral waves and chaos. Pinpointing the
mechanisms underlying the variety of observed wave morphologies is an
important step in our understanding of diseased states, as each may play a
different role in arrhythmogenesis.
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Local Diastolic Ca2þreleases (LCRs) contribute to sinoatrial-node-cell pace-
maker function by activation of Naþ/Ca2þexchanger current that accelerates
diastolic depolarization. LCRs are generated by clusters of ryanodine receptors,
Ca2þrelease units (CRUs), residing in the sarcoplasmic reticulum. CRU distri-
bution in pacemaker cells exhibits substantial heterogeneity vs. a crystal-like
distribution of cardiac muscle cells. While this heterogeneity can be noticed
in images of ryanodine receptor immunofluorescence, its functional importance
has never been addressed. We approached the problem by performing numer-
ical simulations in a new sinoatrial-node-cell model that has membrane ion
currents and a sub-membrane sarcoplasmic reticulum with a Ca2þpump
and two-dimensional array of stochastic, diffusively coupled CRUs. With
an equally-spaced, crystal-like distribution of CRUs, synchronization of
Ca2þreleases during diastolic depolarization undergoes an explosive, phase-
like transition from individual Ca2þsparks to simultaneous occurrence of
merging numerous LCRs over the entire cell, i.e. an all-or-none behavior. Sincealmost all CRUs fire during the phase transition (leaving no reserve), the model
is not amenable to autonomic modulation of pacemaker rate. Allowing each
CRU position to vary around its original crystalline position fundamentally
changes the model behavior: the transition from individual sparks to propa-
gating LCRs becomes smooth with the number and sizes of LCRs observed
experimentally. Furthermore, some distant CRUs do not fire during diastolic
depolarization under resting conditions, but become engaged (as a reserve) dur-
ing beta-adrenergic stimulation. Thus, the model with the CRU positional vari-
ability is easily tuned to respond to autonomic modulation. We conclude: the
irregularity in CRU distribution in sinoatrial-node-cells is not a noise or imper-
fection, but rather a functional modality of the pacemaker cells that allows them
to gradually engage CRUs to satisfy the chronotropic demand of the heart at a
given condition.
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Malignant Hyperthermia Susceptibility, MHS, is a hereditary sub-clinical con-
dition characterized by events of uncontrolled release of calcium, deadly if un-
treated. 60% of MHS cases are due to mutations of the RyR1 Ca release
channel. A puzzling property of these mutations is their phenotypic variability.
We are comparing Ca signals in cells from MHS patients with those from
normal donors. Every subject is genotyped for the proteins of interest. Gracilis
muscle biopsies taken in Toronto from at risk patients, are received in Chicago
overnight and studied acutely with 2-silicone gap voltage clamp, or used to
generate cultures (technique by S Treves, Basel). Myotubes are imaged for
[Ca2þ]cyto (with fluo-4) and Vm (with di-8-ANEPPS). In response to brief field
stimuli, cells from healthy subjects had normal action potentials (t ~10 ms) and
a monophasic Ca transient, rarely followed by a slow wave. Cells from a pa-
tient with the MH-linked mutation G341R always had a 2-phase response –a
small initial transient followed by a large propagated wave. Cells from two
MHS patients with normal genotype (who were positive for one of 2 standard
MH tests) had responses with intermediate features. Using pharmacology and
photorelease of Ca2þ and IP3, we are testing various mechanisms that could be
altered, including gating control of RyRs as well as IP3 receptor channels,
which contribute to slow transients in myotubes (e.g. Casas et al., 2010). Given
the variety of phenotypes and genotypes available, these approaches should
allow the characterization of cellular signaling defects in multiple mutations,
linked to MH and other muscle diseases. The comparison should increase
our understanding of disease mechanisms as well as our insight on
structure-function relationships of the RyR channel. Funded by NIAMS/NIH
and A.H.A.
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In cardiac dyads, junctional Ca2þ directly controls the gating of the ryanodine
receptors (RyRs), and is itself dominated by RyR-mediated Ca2þ release from
the sarcoplasmic reticulum. Being able to directly probe junctional Ca2þ dy-
namics should increase our understanding of cardiac excitation-contraction
coupling and its modification in disease states. We developed a new targeted
calcium biosensor based on the latest generation of fluorescent protein probes,
GCaMP6f by fusing it to triadin and/or junctin. This probe targeted the dyad as
shown by colocalization with RyRs after adenovirus-mediated transfection in
single cardiac myocytes from adult rat. This biosensor had faster kinetics
and slightly elevated Kd compared to native GCaMP6f. Confocal imaging re-
vealed high-contrast biosensor fluorescent transients (‘‘Ca2þ nanosparks’’)
that occupied a ~50-times smaller volume than conventional Ca2þ spark re-
cords obtained with diffusible indicators. These spatially discrete signals
showed no diffusive component outside the labeled region, allowing high-
contrast recordings of dyad activation. The maintenance of high dyad-to-
background contrast amidst whole cell Ca2þ transients allowed us to detect
the latency and duration of individual dyad activation during normal
